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Abstract 
 
The relationship between the geotechnical parameters and the impulse delivered by a charge buried shallowly 
(<100 mm) within a soil mass has received much attention in recent times. It has previously been demonstrated 
that for uniform soils a high degree of repeatability in the delivered impulse can be achieved when carefully 
controlling the geotechnical conditions. In this paper the authors explore the recommendations given in AEP55 
regarding the testing of surrogate mine blasts using both minepots and the STANAG standard sandy gravel. 
 
With moisture content and bulk density being intrinsically coupled, using bulk density as a measure of geotech-
nical control and hence repeatability is questionable. A methodology for the careful preparation of the Stanag 
sandy gravel soil is presented along with comparative results from minepots demonstrating the comparative 
repeatability of both methodologies. These results are then compared with a number of other soils to allow gen-
eral conclusions about the repeatability of specific soil characteristics to be drawn. 
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Background 
 
With the increasing use of buried improvised explosive devices in current conflict zones, a 
need for a deeper understanding of the role of soil in these explosive events has emerged. Be-
ing able to design protective structures to withstand such events and save lives, depends on 
the accurate assessment of the blast loading produced by the detonation of such shallow-
buried explosives. This is a highly complex detonation event, involving the interaction of ex-
tremely high-energy shock waves with multiple materials in different phases. Experimental 
research into characterising blast loading from buried explosives has typically involved a rel-
atively poor control of the soil conditions prior to the blast. This has resulted in highly incon-
sistent results becoming the accepted norm (it is not uncommon to see scatter of ±15% from 
nominally identical tests [1], the author has shown previously that this can be reduced to ±3% 
[2]). As an alternative, some research groups remove the blast-related aspects altogether by 
using well controlled small scale laboratory samples loaded by compressed gas [3]. This ap-
proach has the drawback of over-simplifying the problem by ignoring the air-shock, geomet-
rical and thermal aspects of the loading, and perhaps even more critically concentrating only 
on the sand throw as the mechanism for impulse transfer. 
 
It is generally accepted that geotechnical properties of the soil surrounding a buried charge 
are of key importance in determining the impulse applied to a target. While no means ex-
haustive, bulk density, moisture content, particle size distribution, explosive burial depth and 
explosive type are thought to be key. With so many possible principal variables being pre-
sent, control of the geotechnical conditions is key to understanding the relationships between 
them and the generated impulse. Whilst many studies have been undertaken to establish the 
principal variables, these have generally been hampered by lack of control over the soil con-
ditions. 
 
With careful control during the preparation of the soil mass, samples with density errors of 
±0.2%, and moisture content errors of ±0.05-0.1% can be created. Using the newly devel-
oped methodology it has been shown previously that for a single uniform soil at low moisture 
contents and a fixed bulk density, a small increase in moisture content leads to an minor in-
crease in generated impulse with all other variables remaining constant [2]. The variation of 
impulses for nominally identical tests was ±3%. Many further test series have now been con-
ducted with varying soil types incorporating the test modifications made in [4]. 
 
The aim of the conducted research is to investigate whether certain soil types and conditions 
produce more repeatable tests when gauged by the variation in total impulse delivered to a 
target. These impulse data were also compared to the output from tests conducted using the 
minepot described in [5]. 
 
1. Methodology 
 
1.1. Experimental setup 
A rigid reaction frame, fabricated on behalf of DSTL was utilized for this work (Figure 1). 
The target plate and interface/end plate was ballasted to a large mass and welded to a vertical 
length of steel circular hollow section. This hollow section has lateral steel flanges either side 
of an arrestor plate at the top of the rig. 
Rubber bushings are placed on the arres-
tor plate. In this way, the total target mass 
is given a free upward flight of up to 
800mm. The upward flight is then arrest-
ed either by gravity (if the peak velocity 
<~4m/s) or by the impact of the lower 
flange onto the lower face of the arrestor 
plate. As the mass subsequently descends, 
the upper flange settles onto the upper 
face of arrestor plate, where again the im-
pact is softened by bushes. Peak dynamic 
deformation of the target plate (relative to 
the interface plate) was accurately meas-
ured using deformable aluminium honey-
comb crush block, mounted on a rigid 
support spanning the 500mm diameter 
hole in the interface plate.  Post-test final 
deformations of the target plates were 
recorded. 
 
1.2. Geotechnical conditions 
Soil is a naturally variable material. As such the degree of control possible of the geotech-
nical conditions should be a product of this natural variation. Six soils have been tested in the 
current research at a range of moisture contents (w = mass of water / dry mass of solids) and 
bulk and dry densities (ȡ, ȡd). 
 
Figure 1: Test rig  
The soil types tested are given in Table 1 with information on the particle size distribution for 
each soil type being shown in Figure 2. For each soil reported the dry density of the material 
(spacing of the particles) was constant in each test, meaning an increase in moisture content 
leads to an increase in bulk density. The three Leighton Buzzard sands used in the research 
provide an opportunity to investigate directly the effects of particle scaling and particle size 
distribution for nominally identical materials. Leighton Buzzard sand can be described as a 
rounded to well-rounded quartz silica sand shown in Figure 3. For all the soils tested with the 
exception of the clay, quartz silica is the predominant mineral, giving the soils an identical 
specific gravity, Gs, of 2.65 (Clay Gs §. 
 
Table 1: Soil types used in the current research 
Soil PSD w (%) ȡ (Mg/m3) 
Leighton Buzzard 14/25 (LB) Uniform (0.6-1.18 mm) 0-25 1.5-2.0 
Leighton Buzzard 6/14 (2LB) Uniform (1.18-2.8 mm) 0-25 1.6-2.0 
Leighton Buzzard 25B grit (LBF) Well Graded (0.5-5.0 mm) 0-25 1.6-2.0 
Stanag sandy gravel [5] Well Graded (0-20 mm) 0-25 1.6-2.0 
Red building sand (RBS) Uniform (0.1-0.5 mm) 25 1.9 
Brown laminated silty clay (Clay) 66% <0.002 mm 27 1.93 
 
 
 
Figure 2: Soil particle size distribution curves 
 
 
1.3. Soil preparation 
To allow repeatable sample preparation with varying soils at different bulk densities (and 
hence varying moisture content) an effectively rigid container was used. The containers were 
constructed from 30 mm thick rolled mild steel plate formed into a 1000 mm diameter, 750 
mm tall cylinder. A 25 mm thick mild steel 
base plate was welded to the base of each 
cylinder and four lifting eyes attached to 
each base plate. Prior to sample preparation, 
the moisture content of each soil bag was 
checked allowing the calculation of the water 
required to achieve the prescribed water con-
tent ±0.1%. The containers were filled in 3 
stages each of equal mass (the exact mass 
depends on geotechnical conditions of the 
test). The moisture content of the dried soil 
dictated the amount of water added for each 
stage. The soil was weighed as it entered the 
forced action pan mixer and the correct mass 
of water added. Mixing continued until the 
water was evenly distributed; with moisture 
content then checked. If the moisture content 
was confirmed to be within tolerance, the contents of the pan mixer were purged into the soil 
container taking care to avoid sample loss. Plywood shuttering (cut to the internal diameter 
of the container) was placed on the surface of the sand and a stiffened steel plate (100 mm 
clear of the internal diameter) was seated on the timber boards. A vibrating compaction plate 
(VCP) was placed upon the stiffened steel plate; the soil then being vibrated until it reached 
its target density. Measurements of the final soil depth were then recorded. The VCP, stiff-
ened steel plate and timber boards are removed from the container with care such that the soil 
surface remains undisturbed. This was repeated until the container was filled. A cavity was 
then excavated to accommodate the charge, at the correct burial depth. Excavated material 
was stored in sealed bags, in order to back fill to the correct density and moisture content.  
 
For the full saturation tests the soil bins are filled using the above procedure to a designated 
dry density and then saturated from the base. Any collapse settlement during the saturation 
process is accounted for in the initial target dry density to achieve the same bulk density in 
each test. The base saturation is achieved by burying a length of perforated hose, using a tim-
ber spacer to achieve an even hose distribution (Fig. 4a). This spacer is then removed once 
enough soil has been added to secure the hose location (Fig. 4b). The bin is then filled in the 
usual manner with the hose being led up the inner wall to allow for saturation prior to firing. 
This method of flooding has been found to give a more uniform distribution of moisture con-
tent through the soil mass, so long as the flow rate used for saturation is insufficient to cause 
piping. 
Figure 4: Bottom-up saturation technique a) spacer present  
b) part-filled with spacer removed 
Figure 3: Scanning electron micrograph of 
Leighton Buzzard sand [6] 
  
Once filled a cavity is excavated to accommodate the charge at the correct burial depth. Ex-
cavated material is segregated in sealed bags in order to back fill to the correct density and 
moisture content. Special care is taken with the saturated tests to minimise the disturbance to 
the rest of the sample as the soil has a tendency to collapse. 
 
1.4. Data capture 
The event is filmed with a high speed camera, allowing the relative movement of the refer-
ence and object target markers to be tracked. From these data the initial impulse (assuming it 
is applied instantaneously) can be calculated. Full details of this technique can be found in [2, 
4].  
 
 
2. Results and discussion 
 
The focus of this paper is not directly compare the magnitude of the impulses generated, but 
to compare the variance in the impulses from the mean for a given test series. All the tests 
conducted here were subject to the same threat configuration, charge size (625g PE4) and 
burial depth (50 mm).  
 
The results have been generated as a variation from the mean for each test (3 tests), thus in 
the results presented each data point represents three individual tests. This variation has then 
been divided by the mean impulse for the three tests and is expressed in the figures as a per-
centage.  The impulse data can be plotted against other geotechnical parameters such as bulk 
density and moisture content, and a WKLUGµEXULDOFRQGLWLRQV¶ measure. The burial conditions 
measure is expressed as the sum of the standard deviations of the bulk densities and the mois-
ture contents for the same 3 tests in each series. This gives an indication of the variation in 
the impulse produced versus the repeatability of the compaction technique for each of the 
soils. 
Figure 5: Spread of impulse versus bulk density 
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The spread of impulse in percent is plotted against bulk density in Figure 5. For comparison 
the impulse data are plotted for the minepot tests (the minepot spread is a line as there is no 
soil present, hence the bulk density is irrelevant). This clearly shows that for certain soil 
types at specific bulk densities it is possible to achieve a lower spread on the results than seen 
in the minepot tests, which are designed to be one of the most repeatable tests. In fact mine-
pot tests are commonly favoured due their highly repeatable nature. These data presented 
here show that whilst the minepot standard is repeatable, there are specific soil conditions 
which will give more repeatable data. Figure 5 also shows that the largest variations in im-
pulse are seen in the well graded soils ± Stanag and LBF. The LBF spread was consistently 
greater than that seen in the minepot.  Unlike LBF though the Stanag proved more repeatable 
than the minepot in 60% of cases. The most repeatable impulse data came from the LB data 
series which showed consistently less spread than the minepot. Figure 5 also shows that there 
is no correlation between the bulk density of the soil being used and the spread of impulse. 
Figure 6 shows the same impulse data plotted against moisture content, where the same 
trends as shown in Figure 5 are apparent due to the intrinsic linking of moisture content and 
bulk density. The fully saturated tests here are easier to identify, sitting at ~25%, the notable 
exception being the Stanag soil which sits at a moisture content of 14% when fully saturated 
with a bulk density of 2.2 Mg/m3. The maximum spread of 5.7% for the fully saturated Sta-
nag may at first glance seem large, but this is mainly due to the fact that other soil types / 
conditions are incredibly repeatable. When paralleled with the literature with researchers [7] 
reporting variations in free air testing of 50-130% for nominally similar tests when compared 
to the Kingery-Bulmash predictions [8], the quality of the current testing is emphasized. 
 
)LJXUHSORWVWKHSUHYLRXVO\PHQWLRQHGµEXULDOFRQGLWLRQ¶PHDVXUHYHUVXVWKHVSUead of im-
pulse dataset. On the horizontal axis, a low value means that both the moisture content and 
bulk density are repeatable using the preparation methodology outlined earlier. This shows 
that the 2LB soil was actually the most difficult to consistently prepare, from correlating the 
impulse spread with Figures 5 and 6 it can be seen that this was the dry soil with a bulk den-
sity of 1.6 Mg/m3. The 2LB soil in this state is very susceptible to vibrations as this will 
cause the soil to densify and give a variation in impulse. For the saturated Stanag, the prepa-
ration was very repeatable with the bins showing very little variation in the geotechnical con-
Figure 6: Spread of impulse versus moisture content 
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ditions, yet a relatively high degree of impulse variation. It has been hypothesised that due to 
the well graded nature of the Stanag this leads to a non-uniform breakout which can give rise 
to the minimal variations seen. For uniform materials such as LB the breakout is more 
uniform giving a more repeatable spread on impulse.  
 
 
3. Conclusions 
 
It has been shown that through careful soil preparation many soils can deliver a lower spread 
of impulse than seen when using the standard minepot tests described in AEP-55 [5]. The 
maximum spread seen in any test was 5.7%.  
 
The particle size distribution for cohesionless soils has been shown to be an indicator of the 
possible variation in impulse to be expected. This was shown previously in [4] but has herein 
been shown to apply to a much greater range of soils. Currently the dataset for cohesive soils 
(clay) is very small, but also showing a high degree of repeatability. 
 
Well graded soils show a greater variation in the spread of measured impulse for any given 
moisture content, which could be due to local variations in density caused by the non-
uniform nature of the soil. This illustrates the fact that despite very high control over the ge-
otechnical conditions if repeatability in the output of tests is required a uniform soil should 
be utilized in the testing. This if of course postulated on the transfer of global impulse and 
takes no account of the localised loading effects which could be generated by changing be-
tween uniform and well graded materials. This area of work is current being investigated in a 
separate project, details of which are available here [9]. 
 
 
 
 
Figure 7: Spread of impulse versus standard deviation of burial conditions 
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